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FLIGHT  DETERMINATION OF THE EFFECTS OF WING VORTEX 

GENERATORS ON THE AERODYNAMIC  CHARACTERISTICS 

OF TBE DOUGLAS D-558-1 AlRPLANE 

By De E. Beeler, Donald R. Bellman,  and 
John H. Griffith 

Tests were made  of the Douglas D-558-1 airplane t o  determine  the 
effect  of wing vortex  generators on some of the  typical  undesirable 
handling  characteristics such as  buffeting,  lateral  unsteadiness, change 
in trim, and loss in control  effectiveness which have occurred on 
present-day  aircraft flying at   supercr i t ical  speeds. An arbitrary  size,  
shape, and location of the  generators were selected and the  investiga- 
t ion was ini t ia ted t o  determine w h a t  benefits might be derived from the 
instal la t ion and whether further  investigations would be warranted. 

The use of  the  vortex  generators  resulted  in a reduction of sepa- 
rated  regions over the wing a t  Mach numbers greater  than 0.85 f o r  level  
flight. A t  higher  normrtl-form  coefficients f o r  Mach numbers greater 
than 0.85, regions of separation and forward movement of the shock  were 
reduced. The buffet boundary and wing-dropping tendency were delayed 
approximately 0.05 i n  Mach number f o r  level flight; however, no change 
in the  small-amplitude  oscillation was detected. The p i l o t  reported 
the buffeting t o  be appreciably  reduced  during fl ights  penetrating  the 
buffet  region for l i f t  coefficients below the   s ta l l .  No detrimental 
effects on the 1ongitudTnal and lateral   control  characterist ics were 
encountered f o r  the  flight  conditions  investigated. The drag of the 
airplane was increased by the  use  of’the  generators. 
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Present-day  airplanes  flying  at  supercritical  speeds have demon- 
strated  the  effects of compressibility  in the form of buffeting,  lateral  
unsteadiness, change i n  trim, and loss. in  contrpl  effectiveness. In the 

z course of flight  testing  the  research.airplanes,  modifications t o  the 
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specific  configurations of these  airplanes have been considered for   the 
purpose of reducing  the magnitudes  and/or delaying  the  effects of com- 
pressibi l i ty  which are  objectionable from the  handling and the  structural  
standpoint. Based  on resu l t s  of reference 1, an investigation was made 
at the mACA High-speed Flight Research Stat ion  a t  Edwards A i r  Force Base, 
C a l i f . ,  t o  determine the  effect  of wing vortex  generators on the  handling 
and buffeting  characteristics of the Douglas D-558-1 research airplane. 

The D-558-1 i s  capable of penetrating the- buffet   region  to some 
degree and experiences a lateral unsteadiness i n  level f l i gh t ,  an abrupt 
la teral   t r im change (reference 2), and a loss in  control  effectiveness. 

This  paper  presents  the results of flight t-ests to determine the 
effect  of the vortex  generators on some of the forementioned  undesirable 
c k a c t e r i s t i c s  of the  airplane. 
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airplane  nom-force  coeff ic ient  (nW/qS) 

drag  coefficient (D/qS ) 

pitching-moment coefficient about-  wing quarter chord? (stall 
moment i s  posit ive) 

one-quarter of M.A.C., f e e t  

total   a i rplane drag, pounds 

aileron  force, pounds 

Mach  number 

m e a n  aerodynamic chord 

pressure  coefficient r1 ; 
loss in t o t a l  head, free-stream impact preesure minus local  

hpac  t pre S sure 

wing area,  square f ee t  

true  velocity,   feet  per second 

weight of airplane, pounds - 
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b wing spari, feet 

CW wing chord, fee t  

Y/C r a t i o  of height above m e a n  chord l i ne  t o  section chord 

it stabilizer  incidence,  degrees 

n normal acceleration 

P rolling velocity, radians per second 

PO free-stream  static  pressure, pounds per  scpaze  foot 

P1 

9 f ree-s t rem aynamic pressure, pounds per  square foot 

local   s ta t ic   pressure,  pounds per  square  foot 

'a 

E e  elevator  deflection,  degrees 

aileron  deflection,  degrees 

3 

The Douglas D-558-1 airplane  used  for  these  tests i s  a single-place 
low-- monoplane  powered by a General Electric TG-180 turbojet  engine. 
The center of gravity was located at 23.34 percent of the mean aero- 
aynamic chord and the gross weight at take-off was 10,610 pounds. 
Table I l ists  the more pertinent  physical   characterbtics of the air- 
plane and figures 1 and 2 aze a three-vlew  sketch a d  a photograph of 
the  airplane,  respectively. 

I 

Vortex  Generators 

The vortex  generators were made from small a i r fo i l s  having a  sec- 
t ion  of NACA 0012 and a chord of 0.5 inch. The @enerators were  mounted 
perpendicular t o  the w i n g  surface and projected 0.5 inch above the sur- 
face with centers at 2-inch e t e r v a l s .  The  mean chord l i ne  of each 
generator was inclined at 13 t o  the normal to the 30-percent chord 

toward the fuselage and the remafning  ones were inclined away from the 
fuselage. The w i n g  surface was smooth and the same section  profile as 
existed with the  generators removed was retained; the only protuberances, 

l ine  of the wing. (See f ig .  3 . )  fiternate generators were inc1-d 

i 
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as may be seen from the photographs of figures 4 and 5 ,  were the 
individual  generators. 

Instrumentation 

Standard mACA recording  instruments were used to measure al t i tude,  
airspeed,  accelerations,  rolling  velocity,  control-surface  positions, 
and control  forces. Chordwise surface pressures. over  the  upper and 
lower surfaces  of one span s ta t ion of the right wing ( f ig .  3 )  were 
measured with an NACA recording manometer. 

Procedure 

The f i r s t ' f l i g h M a s  made with  the  vortex  generators  extending 
spmwise from approximately  the.midflap to  the 'midaileron  station. A 
l i f t -o f f  and landing was made followed by a flight to   a l t i tude   to   de te r -  
mine, primarily,  the low-speed handling  characteristics of the airplane 
with the generators  installed. The second flight was made with  gener- 
ators  extending f r o m  the midflap span stat ion  to  the t i p .  The third 
flight was made with generators  extendiw  across  the complete span. 

The flight8 at altitude  consisted,  in  general, of low-speed stalls, 
pull-ups  through the buffet  region at Mach numbers up t o  approxi- 
mately 0.89, and abrupt  ai leron  rolls  at Mach numbers  above 0.70. The 
flight  conditions were repeated with generators removed. 

The data presented herein are f o r  the full-span configuration 
except that the lateral-control  effectiveness data are  for the con- 
figuration of the second f l i gh t  and the drag data are for  all 
configurations. 

IIESUGTS AND DISCUSSION 

The ef fec t  of w i n g  vortex  generators of  one specific s i z e ,  type, 
and location on the pressure  distribution is presented and discussed. 
This information i s  followed by a presentation and discussion of the 
effect  of wing vortex  generators on the over-all  airplane measurements 
of buffeting,  lateral  unsteadiness, trim Changes, l a t e r & l - C O I I t r O l  
effectiveness and drag. 

Wiw chordwise pressure  distribution.- The chordwise pressure  dis- 
tr ibutions over the upper surface of the wlng t e s t   s t a t ion   fo r  the basic 
configuration and the.full;-sp&i  generator  configuration are  given i n  
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figure 6 for  a Mach  number range of 0.72 t o  0.89 selected  for a normal- 
'force  coefficient of. approximately 0.25 f 0.05. A s  may be noted i n  
figure 6, the  distributions are similar up t o  a Mach number of 0.85 
except f o r  the  regions where.$& generators  me  installed. In these 
regions the pressures  at the leading edge of the generators  are.  slightly 
more positive with a resulting greater negative  pressure f o r  10 t o  
15 percent of the chord af't of the generators than without the generators. 
A t  a Mach  number of 0.82 both distributions show a corapession shock 
located at appr0ximEttel.y 55-percent-chord location and neither distribu- 
tion  indicates  sepazation over the reax portion of the section. A t  a 
Mach  number of 0.85 the shock has moved r e w a r d   t o  approximately 
&percent chord with no indication of separated flow t o  the rear  of 
the shock. As the Mach  number i s  hcreased   to  0.88 and 0.89 the  dis- 
tr ibutions f o r  the  basic  configuration show the shock t o  be moving 
between the 50- and 60-percent-chord location with a regton of separa- 
t i on  aZt of the shock that i s  Indicated  to be expanding rapidly. The 
distributions with generators show that the shock continues t o  move 
rearward with no separation occurring. ' 

The effect  on the  upper-surface  pressure  distribution of increasirg 
a the normal-force coefficient  for  both  configurations i s  shown in f ig-  

ure 7 f o r  Mach numbers of 0.85 t o  0.88. For a M a c h  &er of 0.85 at a 
normal-force  coefficient of 0.20, there is no indication of separated 
flow aft of the shock, and the  distributions are similsr f o r  both con- 
figurations.  As the normal-force coefficient i s  increased t o  0.75, the 
distribution for the  basic   confiwat ion shows the shock has moved 
fo rwad  t o  approximately the 20-percent-chord location and that sepa- 
rated flow exis ts  over the  rear 70 t o  80 percent of the chord. With 
generators, the shock has moved forward only about 10 percent. of the 
chord with a less adverse  pressure  recovery over the .rear portion of 
the section. It i s  indfcated, however, that with genemtors f o r  this. 
normal-force-coefficient  separation has s t a t e d  to occur over the  reax 
portion of the chord. A t  a normal-force coefficient of 0.82, which is 
the  airplane maximum lift fo r  a Mach number of 0.85, the distributions 
show some similarity and the benefit of the generators, a s  might be 
expected, has decreased. For a Mach  number  of 0.88 and t o  the  Ughest 
normal-force coefficient  tested CmA = 0.44), it i s  shown that use of 

the  generators  resulted in a reduction of the  separated  region over the 
section. 

( 

Lower-surface distributions are shown & figure 6 f o r  Mach numbers 
of 0.72 and 0.89 and in figure 7 for  normd-force  coefficients of 0.82 
and 0.29. A t  all Mach numbers and normal"force  coefficients investigated 
no appreciable change was observed in   t he  lower-surface  distributions 
due t o  the  vortex  generators. 
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Buffeting  characteristics.- The D - 3 9 - 1  airplane  buffet boundmy 
presented i n  figure 8 was established by the Mach number and the cor- 
responding  airplane normal-force coefficient at which the f i rs t  indica- 
t ion  of buffeting  occurred. !The idormation was  determined from the 
response of a standard NACA normd accelerometer t o  an airplane dis-  
turbance and correlated H t h  the other  instrumentation measuring 
various  quantities i n  the airplane. The test  data obtained with and 
without  generators are noted. As may be seen, the boundaries for   the 
two configurations  me similar except at  the highest Mach  number tested 
*ere it i s  indicated that the boundary occurs at a higher Mach  number 
by use of the  generators. Measured chordwise pressure distributions 
corresponding t o  flight conditions where buffet-ing first occurred are 
presented in  figure 9. The distributions are presented  for  selected 
conditions on the  buffet boundary and are ident i f ied   in   re la t ion  to 
figure 8, that is, region I shows flight conditions where buffeting 
started  for  both  configurations;  region I1 shows flight conditions where 
buffeting  occurred for the  basic  configuration,  but where  no occurrence 
of buffeting with generators installed i s  evident;  region I11 shows 
fl ight  conditions where buffeting  occurred w i t h  generators  installed. 

No measurements were made t o  determine the effect  of generators on 
the  buffeting  intensities. It i s  expected, however, that reductions  in 
separated regions by use of the generators would r e su l t   i n  a reduction 
in   buffet ing  intensi t ies .  The pilot  reported that, during flights made 
into the  buffet  region below maxirmun normal-force coefficients,  the 
buffeting  intensit ies were appreciably  reduced with the generators 
installed.  No detrimental  effects of the generators on the control 
characterist ics of the  airplane were reported by the p i lo t .  

Lateral  unsteadiness and trim change.- It i s  d i f f i cu l t  i n  f lying 
the D-558-1 airplane  to  select the proper lateral trim t o  maintain 
precisely a "wings-level" flight condition and p i lo t s  have described the 
occurrence as attempting t o  balance the airplane on a pivot  point. A s  
the Mach  number approaches a value of -  about 0.84 &z1 abrupt l a t e r a l  trim 
change has been experienced and has been termed by the p i lo t s  as "wing 
dropping. " 

The lateral unsteadiness and the  trim change occurrences  for the 
bash  configurat ion  are   i l lustrated in the solid-line  histories of 
measured quantitiea i n  figure 10 for l eve l   f l i gh t  through the Mach 
number range from approximately 0.66 t o  0.89. Measurement8 of ro l l ing  
velocity and aileron  force  indicated that ro l l ing  oscil lations  existed 
up t o  a Mach number of about 0.84 with forces  applied by the pilot in  
an irregular manner due t o  the irregular motions of the airplane. The 
magnitude of the applied  forces  me, however, w i t h k  the v a l u e s  of the 4 

control   f r ic t ion and resu l t  in no movement of the controls. A t  a 
Mach number of 0.84 and a normal-force coefficient of  approxlmately 
0.2 (time, 24 sec) , a l a t e ra l  trim change, as indicated by a gradual 
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right r o l l ,  occurs  with  controls  fixed. An abrupt r o l l  to t h e   l e f t  
occurs when corrective total afleron angle of about 2O is applied  for 
the  right r o l l .  A t  the maximurn Mach number a t o t a l  aileron  angle of 
approxbmtely 3’ is required and the lateral unsteadbeas is considerably 
increased  over  the low-speed value. The quantities measured during a 
repeat flight with  vortex  generators  installed are included in figure 10 
and are  indicated by the  dashea 1Fnee. As indicated, the l a t e r a l  
unsteadiness s t i l l  exis ts  at  the h e r  Mach number w i t h  the vortex 
generators  installed; however, the  abrupt l e f t  r o l l  has been delayed 
t o  a Mach  number of about 0.89 when the airplane  normal-force  coeffi- 
cient i s  equal t o  0.35. It i s  indicated  that   the  difficulty of  main- 
tawing  wings-level flight af te r  the abrupt r o l l  a t i l l  d a t e ,  a s  dld 
the  difficulty fn the  case  with the basic configuration. 

Lateral-control  effectiveness.- A loss in lateral-control  effective- 
ness f o r  the D-558-1 airplane without generators  has been Fndlcated at 
Mach numbers greater than approximately 0.86 as shown in figure 11. 
Data were obtained  with  the  vortex  generators  installed fram the midflap 
span stat ion t o  the t i g   s t a t ion  of the wing, but only t o  a Mach number 
of 0.84 and, as might be elrpected from an inspectfon of the  pressure- 
distribution measurements, no beneficial   effects f rom the  generators 
resul t  at these Mach numbers. If it i s  assuIlled that the loss in la te ra l -  
control  effectiveness  results from the development of a region of sepa- 
rated f l o w  over the  aileron, it i s  indicated from the  pressure  distribu- 
t ions ( f i g .  6 )  that f o r  Mach numbers greater than 0.88 the  generators 
m i g h t  reduce the loss in effectiveness. 

Longitudinal trim changes.- The variation of the wing-section 
pitching moment with Mach  llllILiber f o r  the  basic am3 full-span generator 
configurations, 8s determined by integration of the chordwfse pressure 
distributions,  is shown in  figure 12. Also fncluded i n   f i g i r e  12 is 
the  variation of the elevator  angle  required for trim f o r  a given sta- 
bilizer  incidence. The data are for  a normal-force coefficient  corre- 
sponding t o  1 g flight. It is indicated that no large changes in  m e  
wing-section  pitching moment occurred  because of the installation of the 
generators, and the  longitudinal trim data  indicate that no appreciable 
changes in the downwash resulted f r o m  the  fnstallation. 

Drag.- The comparison of the measured airplane  total  drag variation ’ 

with.Mach rimer f a r  all configurations  at  a  normal-force  coefflcient of 
approximately 9.25 i s  presented in figure 13. It i s  evident from f ig-  
ure 13 that the use of the  generators  resulted i n  a n  increase  in  drag. 
Because of the scat ter  of the  data, however, little can be concluded 
regarding  the  effect of  spanwise location of the  generators on the drag. 

I 
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I 
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CONCLUDING REMARKS 
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The results indicated  that  vortex  generators of a specif ic   s ize  and 
type located along the 30-percent wing chord l i n e  had the  following 
effects  on the handling and buffeting  characteristics of the D - 5 9 - 1  
airplane: 

1. There was a reduction of separated  regions  over  the wing a t  Mach 
numbers greater  than 0.85 for   level-f l ight  normal-force coefficients. 
A t  higher normal-force coefficients andMach  numbers greater than 0.85, 
regions of separation and forward movement of  the shock w e r e  reduced. 

2. The buffet bocndary and wing-dropping tendency were delayed by 
approximately 0.05 i n  Mach  number at level-flight normal-force coeffi-  
cients = 0.25); however, no changes i n  the mall-amplitude lateral 
oscil lations could be detected. 

3 .  Buffeting  intensities, as reported by the  pilot, were appreciably 
reduced  during flight  penetrating  the  buffet  region  for lift coefficients 
below the stall. 

4. No detrimental  effects on the  longitudinal  or lateral control 
were encountered fo r  the conditions  investigated. 

5. The drag of the  airplane was increased. 

Langley Aeronautical  Laboratory 
National Advisory Committee fo r  Aeronautics 

Langley Field, Va. 
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TABLEI 

PHYSICAL CHARACTERISTICS OF DOUGLAS D-558-1  AJRPUNE 

W i n g :  
Area. sq f t  . . . . . . . . . . . . . . . . . . . . . . . . .  
S p a q f t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  
Root section . . . . . . . . . . . . . . . . . . . . . . .  NACA 
Tip section . . . . . . . . . . . . . . . . . . . . . .  W A  
Sweepback of 50-percent-chord line . . . . . . . . . . . . . .  
Geometric dihedral, deg . . . . . . . . . . . . . . . . . . . .  
Incidence at root chord, deg . . . . . . . . . . . . . . . . .  
Geometric twist . . . . . . . . . . . . . . . . . . . . . . . .  
Mean aerodynamic chord, ft . . . . . . . . . . . . . . . . . . .  

150-7 
. . 2 5  

65-n0 
65-11-0 . .  0 
. 4 . 0  
.2.0 . .  0 
. 6 . u  

0.54 
4.17 

Ailerons : 
Area aft of hinge line (both ailerons), sq f t  . . . . . . . . .  7.94 
Mean aerodynamic chord. ft . . . . . . . . . . . . . . . . .  0.772 
span (one.side), f t  . . . . . . . . .  - . . . . . . . . . . . . .  5.19 
Hinge-line  location (percent cx) . . . . . . . . . . . . . . . . .  85 

Horizontal tai l :  
Airfoil   section . . . . . . . . . . . . . . . . . . . .  NACA 65-008 
Area. sq ft . . . . . . . . . . . . . . . . . . . . . . . . .  35.98 
span. ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12.25 
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  4.17 
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  0.55 
T a i l  length. fran 0.25 M.A.C. to e leva tor  hinge line. f t  . . .  16.34 

Elevators : 
Area aft of hinge line (both sides). eq ft . . . . . . . . . . .  8.6 
Span (one side). f t  . . . . . . . . . . . . . . . . . . . . . .  5.91 
Hinge location.  percent  horizontal-tail chord . . . . . . . . .  75 
Mean aerodynamic chord. ft . . . . . . . . . . . . . . . . . . .  0.73 

Vertical tail surface: 
Area. sq ft  . . . . . . . . . . . . . . . . . . . . . . . . .  25.68 
span. f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.55 
Aspectrat io  . . . . . . . . . . . . . . . . . . . . . . . . . .  1.20 
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . .  0.56 
Fin offset . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
Tail length. from 0.25 M.A.C. to rudder hinge line. f t  . . . .  17.38 
Dorsd-fFn -ea. sq f t  . . . . .  , . . . . . . . . . . . . . . . .  9.08 

I 

! 
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PHYSICAL  CEARACTERISTICS OF DOUGLAS D-558-1 AIRPLANE - Concluded 

Rudder : 
Area aft of hinge line, sq f t  . . . . . . . . . . . . . . . . . 7.92 

Mean aerodynamic chord, f t  . . . . . . . . . . . . . . . . . . . 1.44 spm,ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 . 6  7 

Fuselage : 
Fuselage length, f t  . . . . . . . . . . . . . . . . . -. . . , 35 .Ob 
Fuselage  depth (maxFzrmm), f t  . . . . . . . . . . . . . . . . . . 4.0 
Fuselage width (maxFmum), f t  . . . . . . . . . . . . . . . . . . 4.0 

Load condition: 
Airplane weight ( f u l l  fue l  without t ip   t anks)  lb . . . . . . . 10,610 
Center of gravity, percent mean aerodynamlc chord . . . . . . 23.34 
Negligible movement of the  c-.g.-with fuel consumption. 

-E57 
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Figure 1. - Three-view drawing of the Douglas D-558-1 airplane. 
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Figure 3. - Vortex-generator location on the D-59-1 a i r p l a n e .  
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Figure 4. - Installation of vortex  generators. D-558-1 airplane. 
( F U U - S ~ ~  hstallation.)  



Figure 5 .- Installation of wrtex generators. D-558-1 airplane. (Close-up 
o f  partial-spaa i m t a l l a t i o n . )  
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Figure 6 . -  Chordwise pressure distributions at various Mach numbers; 
cNA 0.25. 
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Figure 7. - Chordwise pressure  distributions at various  m=l-force 
coefficients and Mach numbers. 
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Much nurnhr, A4 v 
Figure 8.-  Comparison of buffet boundaries with and without vortex 

generatars. 
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Figure 9. - Comparison of wing pressure distribution with and without 
’vortex  generators a t  conditions corresponding to the selected reg‘ 10118 
of the buff et boundary a8 shown in f z p  . .  8. 
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Figure 10. - Time histones o f  quantities measured during level flight ani! 
pull-up with  and without vortex generators;  altitude, 35,000 feet. 
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- B a s i c  configuration 
0 Generators from midflap t o  t i p  

Figure 1l.- Measurament of the lateral  control effectiveness o f  the 
D-558-1 airfiane . 
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Figure 12.- Mea8Urement of  the wing pitching moment and longitudinal t r i m  
change of D-538-1 airplane. 



Figure 13.- Effect of vortax generators on drag coefficient durhg level 
flight. 
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